Abstract. Colon cancer is common worldwide and accounts for the significant cancer related morbidity and mortality in patients. Although extensive advancement has been made in colon cancer treatment and diagnosis in the last decades, there is still a giant gap between the clinical expectation. It has been reported that resveratrol (Res) may be a potential candidate for cancer treatment. However, the specific mechanism underlying this activity remains unclear. In this study, we investigated the anticancer activity of Res in human colon cancer cells, and unveiled the possible mechanism for this effect. With cell viability, flow cytometry, PCR and western blot analysis, we demonstrated the efficacious anticancer activity of Res in HCT116 cells. Mechanically, we found that Res greatly upregulates BMP7 in HCT116 cells. Exogenous BMP7 enhances the anticancer effect of Res in HCT116 cells, which was almost reversed by the BMP7 specific antibody. Res does not activate the BMPs/Smads signaling, but decreases the phosphorylation of Akt1/2/3 substantially in HCT116 cells. Exogenous BMP7 enhances the inhibitory effect of Res on the phosphorylation of Akt1/2/3, while BMP7 immunodepletion reverses this effect notably. Res markedly decreases the phosphorylation of PTEN, which can be enhanced by exogenous BMP7 but partly reversed by the BMP7 antibody. Our findings suggested that Res may be a promising candidate for colon cancer treatment, and the anticancer activity may be mediated by inactivating PI3K/Akt signaling through upregulating BMP7 to decrease, at least, the phosphorylation of
Introduction
Colon cancer is the third most common cancer and the fourth cause for cancer related death globally. As reported, there are approximately 1.2 million new cases and 600,000 deaths per year (1) . Depending upon the stage, the treatment of colon cancer involves multiple modalities, including surgery, radiotherapy, interventional radiology approaches and systemic chemotherapy. Although targeted therapy drugs for colon cancer have been introduced (2) , such as bevacizumab, cetuximab and panitumumab, the prognosis remains unsatisfactory (3, 4) . Thus, there is still a great clinical need to develop drugs for colon cancer treatment.
Traditional herb medicines or herbal derived components are one of the most widely used adjunctive therapies for cancer patients worldwide. The combination of these medicines with traditional chemotherapy drugs, such as camptothecin, vincristine and Taxol, plays an important role in cancer treatment (5-7). Res, a kind of non-flavonoid polyphenol, found in black grapes and red wine, is characterized as a phytoalexin and is produced by a variety of plants in response to stress. It was used as a natural plant compound in traditional Chinese and Japanese medicine (8, 9) . Recently, it has been reported that Res can inhibit proliferation and promote apoptosis of various types of cancer cells, such as pancreas, breast and colon cancer (10) (11) (12) . For colon cancer, although the anticancer effect of Res has been validated (12) , the specific mechanism underlying this activity remains unclear.
Bone morphogenetic proteins (BMPs), one subgroup of transforming growth factor (TGF)-β superfamily, play important roles in the regulation of multiple key steps of embryonic development, and the growth, differentiation and apoptosis of various cells. To date, ~20 members of the BMP subgroup have been identified (13) . Recently, more evidence demonstrated that BMPs participate in cancer development and progression, such as colon cancer (14) . It has been reported that BMP-9 promoted a proliferative response and exerted a remarkable anti-apoptotic function in hepatocellular carcinoma (HCC)
Resveratrol inactivates PI3K/Akt signaling through upregulating BMP7 in human colon cancer cells (20, 21) . PI3K/Akt signaling plays a critical role in modulating cell survival and apoptosis (22) , which has been found overactivated in many cancers to reduce apoptosis and promote proliferation. The tumor suppressor phosphatase and tensin homolog (PTEN) negatively regulates PI3K/Akt signaling and is often inactivated by mutations in a variety of cancer types. To date, it remains unknown whether BMP7 is associated with the anticancer activity of Res in colon cancer cells. In the present study, we investigated the possible role of BMP7 in the antiproliferative effect of Res in HCT116 cells, and we elucidated the possible mechanism of how BMP7 exerts this function.
Materials and methods
Reagents and cell culture. Res was purchased from Xi'an Hao-Xuan Biotechnology Co., Ltd. (Xi'an, China). HCT116 cell line was obtained from the American Type Culture Collection (ATCC, Manassas, vA, uSA). All primary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, uSA). PI3K inhibitor (LY294002) was purchased from Selleckchem (Houston, TX, uSA). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), penicillin (100 u/ml) and streptomycin (100 µg/ml) at 37˚C in 5% CO 2 .
Recombinant adenoviral constructs for BMP7, GFP, PTEN and siRNA for PTEN. The recombinant adenoviral vectors were constructed following the AdEasy system (23) . Briefly, the coding sequence (CDS) of human BMP7, green fluorescent protein (gFP) and PTEN were amplified, the siRNA fragments for PTEN knockdown was synthesized commercially. These fragments were cloned into the shuttle vector pAdTrace, respectively. Then, the shuttle vectors were linearized and transfected into HEK293 cells for the package of the recombinant adenoviruses, which were designated as AdBMP7, AdPTEN and AdsiPTEN. The recombinant adenoviruses mediated the overexpression were tagged with green GFP or red fluorescent protein (RFP) for knockdown to track the viruses, and the recombinant adenovirus expressing gFP (AdgFP) only was used as vehicle control.
Cell viability and proliferation assays. The cell viability was determined with cell counting kit-8 (CCK-8). In brief, HCT116 cells were seeded in 96-well plates with a density of 3x10 3 cells/well. Then, the cells were treated with different concentrations of Res, recombinant adenovirus or DMSO for 24, 48 and 72 h. At the scheduled time-point, 10 µl of CCK-8 was added into each well and incubated for 4 h. The absorbance was determined at 450 nm with a micro-plate reader. Each test was conducted in triplicate.
Flow cytometric analysis for cell cycle and apoptosis. Cells were seeded in 6-well plates and treated with different concentrations of Res for 48 h. For cell cycle analysis, cells were harvested and washed with phosphate-buffered saline (PBS, 4˚C), fixed with cold (4˚C) 70% ethanol, washed with 50 and 30% ethanol, and PBS. Finally, cells were stained with 1 ml of propidium iodide (PI, 20 mg/ml) containing RNase (1 mg/ml) in PBS for 30 min, followed by flow cytometry analysis. For apoptosis analysis, cells were harvested and washed with PBS (4˚C), followed by incubating with Annexin v-EgFP (#KgA104, Keygen Biotech, Nanjing, China) and PI. Finally, the cells were analyzed with fluorescence activated cell sorting (FACS). For apoptosis stainging, cells were plated in 24-well plates and treated with different concentration of Res for 24 h. Then the medium was discarded and the cells washed twice with PBS (4˚C), adding 500 µl binding buffer and 5 µl Annexin v-EgFP, followed by incubating for 10 min. Finally, the buffer was discarded and cells washed with PBS (4˚C) carefully twice, then images were taken under a microscope. Each assay was done in triplicate.
Reverse transcription and polymerase chain reaction analysis (RT-PCR)
. Subconfluent HCT116 cells were plated in T25 flasks and treated with different concentrations of Res or DMSO. Total RNA was extracted with TRIzol reagent (Invitrogen, uSA) and subjected to RT reaction to generate cDNA. Then, the cDNAs were used as templates for detecting the expression level of target genes with PCR. The primer sequences are available upon request. Each assay was carried out in triplicate.
Western blot assay. Subconfluent HCT116 cells were seeded in 6-well plates, and then treated with different concentrations of Res and/or combined with corresponding recombinant adenovirus. At the scheduled time-point, cells lysates were collected and boiled for 10 min. All samples were subjected to electrophoresis with SDS-PAgE and transfered to polyvinylidene fluoride membranes, blotted with corresponding primary antibodies and secondary antibodies conjugated with horseradish peroxidase, successively. Finally, the target bands were developed with SuperSignal West Femto Substrate (#34095, Thermo Scientific, IL, uSA). Each assay was done in triplicate.
Statistical analysis. Microsoft Excel was employed to calculate the standard deviations. The differences between groups were analyzed with the Student's t-test.
Results

Effects of Res on the proliferation of HCT116 cells. First, we determined the effects of Res on the viability of colon cancer cells with Cell Counting Kit-8 (CCK-8). The result shows that
Res decreases the growth of cancer cell lines in a concentration and time-dependent manner (Fig. 1A) . The level of proliferating cell nuclear antigen (PCNA) is markedly increased in a concentration-dependent manner (Fig. 1B and C) . Cell cycle analysis showed that Res can apparently arrest the cell cycle at S phase in HCT116 cells (Fig. 1D) . These data confirmed that Res is able to suppress the proliferation of HCT116 cells.
Effects of Res on apoptosis-inducing in HCT116 cells.
We next conducted further analyses to figure out whether Res can induce colon cancer cells to undergo apoptosis. Annexin v-EgFP staining, flow cytometry and western blot analysis are employed to evaluate the effect of Res on apoptosis in HCT116 cells. The results showed that Res can induce apoptosis clearly and concentration dependently. Western blot assay showed that Res increases the level of Bad, but markedly decreases the level of Bcl-2 prominently in a concentration-dependent manner ( Fig. 2A) . The flow cytometory analysis results showed that Res can greatly increase the percentage of apoptotic cells (Fig. 2B) . The Annexin v-EgFP staining results also showed that Res can apparently induce apoptosis in HCT116 cells (Fig. 2C) .
These results strongly suggested that Res is an effective apoptosis inducer for human colon cancer cells.
Effects of Res on the expression of BMP7 in HCT116 cells.
Although Res may be a powerful anticancer agent, the specific mechanism underlying this process remains unclear. Hence, we attempted to unveil the possible mechanism for this anticancer activity of Res. The western blot assay results showed that BMP7 is detectable in the available colon cancer cell lines and FHC cells, but the level of BMP7 in colon cancer cells is higher than that of FHC cells (Fig. 3A) . This implied that BMP7 may be associated with colon cancer. The PCR and western blot assay results showed that Res greatly upregulates BMP7 with a concentration and time-dependent manner ( Fig. 3B and C) . These data suggested that upregulation of BMP7 may be involved in the anticancer activity of Res in colon cancer.
Effects of BMP7 on the anticancer activity of Res in HCT116 cells.
As Res can upregulate BMP7 in colon cancer cells, we next explored the impact of BMP7 on the anticancer effect of Res in colon cancer cells. The CCK-8 assay results showed that exogenous expression of BMP7 can reduce the viability of cancer cells and markedly enhance the antiproliferative effect of Res; while the BMP7 antibody (600 ng/ml) almost reverse the antiproliferative effect of Res (40 µM) in the HCT116 cells (Fig. 4A) . Regarding apoptosis, BMP7 increases the protein level of Bad which was upregulated by Res, and potentiates the effect of Res on decreasing the level of Bcl-2 (Fig. 4B) . However, the BMP7 antibody triggers a reversed phenotype for the level of Bad and Bcl-2 affected by Res (Fig. 4C) . These results indicated that BMP7 may mediate the anticancer effect of Res in human colon cancer cells.
Effects of BMP7 on PI3K/Akt signaling affected by Res in HCT116 cells.
As a member of BMPs, BMP7 exerts its function not only through the canonical BMPs/Smads pathway, but also the non-canonical BMPs/Smads pathway, such as PI3K/ Akt signaling (24) . We evaluated the effect of BMP7 on these signalings in HCT116 cells. Western blot assay showed that Res exhibits no apparent effect on increasing the phosphorylation of Smad1/5/8 (Fig. 5A ), but decreased the total level of Akt1/2 and the phosphorylation of Akt1/2 (p-Akt1/2/3) in a concentration-dependent manner (Fig. 5B) . These results implied that the effect of BMP7 on the antiproliferative effect of Res may not be mediated through the canonical BMP/Smad signaling, but associated with the inactivation of PI3K/Akt signaling. Further analysis showed that exogenous expressed BMP7 potentiates the effect of Res on decreasing the level of Akt1/2 and p-Akt1/2/3 (Fig. 5C) , while BMP7 antibody apparently reverses these effects of Res in HCT116 cells (Fig. 5D) . These results indicated that the anticancer activity of Res may contribute to the inhibition of PI3K/Akt signaling by upregulating BMP7 in HCT116 cells.
Effects of BMP7 on the phosphorylation of PTEN affected by Res in HCT116 cells.
Since PTEN negatively regulates PI3K/Akt signaling and is often inactivated by mutations (including deletions) in a variety of cancer (25), we investigated whether PTEN is involved in the effect of BMP7 on the antiproliferative activity of Res. PCR analysis results showed that Res exerts no substantial effect on the mRNA expression of PTEN in HCT116 cells (Fig. 6A) . The western blot assay results revealed that Res has no apparent effect on the total protein level of PTEN in HCT116 cells, but markedly decrease the phosphorylation of PTEN (Fig. 6B) . Exogenous BMP7 can potentiate the effect of Res on decreasing the phosphorylation of PTEN (Fig. 6C) , while BMP7 antibody can partly reverse the Res-induced decreasing phosporylation of PTEN (Fig. 6D) . These data suggested that BMP7 may mediate the anticancer activity of Res by suppressing the phosphorylation of PTEN in HCT116 cells.
Discussion
In this study, we investigated the anticancer activity of Res in HCT116 cells and dissected the possible mechanism underlying this process. We found that Res exhibits efficacious antiproliferation and apoptosis-inducing effect in HCT116 cells, which supported that it may be a plausible candidate for the treatment of human colon cancer cells. In terms of mechanism, we found that this anticancer activity of Res may be mediated by upregulating BMP7 to inactivate the PI3K/Akt signaling through partly suppressing the phosphorylation of PTEN.
Res is mainly used as a nutritional supplement in terms of its effects on cardiovascular protective (26) , antiplatelet (27) , antioxidant (28) , antiinflammatory (29) and blood glucoselowering (30) . Emerging evidence indicated that Res has been shown to suppress proliferation of various tumor cells, such as colon cancer (31) , but the mechanism of anticancer activity for Res has not been completely elucidated yet. Our data confirmed Res can inhibit proliferation and induce apoptosis in HCT116 cells concentration dependently, which suggested that Res may be a potential natural product as chemotherapy drug or adjuvant for colon cancer treatment. As reported, several targets have been demonstrated to be associated with the anticancer activity of Res, such as the inhibition of TNF-α (32), p38 MAPK signaling (33) and PI3K/Akt signaling (12) , but the specific molecular mechanism still need to be further thoroughly investigated.
BMPs are crucial cytokines belonging to the TgF-β superfamily, which were first described by Ali and Brazil (34) . The aberrant expression or function of BMPs is correlated with the proliferation, differentiation, and apoptosis of cancer cells, such as BMP2, BMP6 and BMP7 (17, 19, 35) . Briefly, BMPs bind with two type receptors (type I and II) to form a complex, which then recruits and phosphorylates the receptor activated Smads (R-Smads). The activated R-Smads bind to the common Smad (Co-Smad, Smad4) to form complex, and then translocates to the nucleus along with a number of transcription factors to regulate the expression of target genes (13) . BMPs can also activate the non-canonical Smad pathways, such as PI3K/Akt, mitogenactivated protein kinase (MAPK) and nuclear factor κB (NF-κB) (36) (37) (38) . In the present study, we found that Res can increase the level of BMP7 in HCT116 cells, which implied that the anticancer activity of Res may arise from upregulating the expression of BMP7. Then, we introduced recombinant adenovirus of BMP7 and the BMP7 specific antibody through the proliferation and apoptosis assay to evaluate the effect of BMP7 in the anticancer activity of Res. Our data showed that exogenous expression of BMP7 boosts the antiproliferation effect of Res on HCT116 cells, while the BMP7 antibody attenuates this activity substantially. This finding suggested that BMP7 can partly mediate the anticancer activity of Res in HCT116 cells, although the mechanism remains unclear.
As Res upregulates BMP7 in HCT116 cells and BMP7 partly mediates the anticancer effect of Res, so we tried to elucidate how BMP7 exerts its function, through canonical BMPs/Smads or the non-canonical BMPs/Smads signaling. Our data showed that Res exhibits suppressing effect on the BMPs/Smads signaling instead of activation, which suggested that BMP7 may mediate the anticancer effect of Res through the non-canonical BMPs/Smads signaling pathway. PI3K/ Akt is one of the important non-canonical BMP/Smad signaling pathway which is overactivated in many cancers. Therefore, it has been targeted for many anticancer drugs in various cancers (21, 39) . It has already been reported that Res can inhibit PI3K/Akt signaling (12), so we speculated that BMP7 may affect PI3K/Akt signaling in HCT116 cells. With western blot assay, we recaptured the effect of Res on suppressing the phosphorylation of Akt. Further investigations demonstrated that exogenous expression of BMP7 can potentiate the inactivation of PI3K/Akt signaling induced by Res, while BMP7 antibody almost reverses this effect of Res on PI3K/Akt signaling in HCT116 cells. This evidence supported that BMP7 may really mediate the anticancer activity of Res through inactivating PI3K/Akt signaling in HCT116 cells. However, this result is not in agreement with BMP7 activation of the PI3K/Akt signaling in osteocytes (40) , which may dependent on the cell types and microenvironment or context. These data strongly revealed that the Res-induced inactivation of PI3K/Akt signaling may contribute to the upregulation of BMP7 in HCT116 cells. PI3K/Akt signaling is one of the critical pathways for cell survival and often overactivated in various cancers (39, 41) . This pathway can be regulated by many factors, such as activated by IgF and inactivated by PTEN (42, 43) . PTEN acts as the essential endogenous negative modulator of PI3K/Akt signaling by dephosphorylating of the 3'-phosphate of the inositol ring in phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) to form phosphatidylinositol (4,5)-biphosphate (PIP 2 ) (44). Since PIP 3 is a primary activator of the signaling to intermediate the activation of Akt, the dephosphorylation of PIP 3 by PTEN results in inhibition of the PI3K/Akt signaling. Based on this and the results discussed above, we speculated that the BMP7 mediated inactivation of PI3K/Akt signaling may be resulted from upregulating PTEN in HCT116 cells. Our results indicate that Res shows no substantial effect on the mRNA level of PTEN in HCT116 cells, or the total protein level of PTEN. However, Res can apparently decrease the phosphorylation of PTEN, which is consistent with the previous studies that PTEN is involved in the anticancer effect of Res in cancer cells (45) (46) (47) . To further unveil the relationship between BMP7 and PTEN, we introduced the BMP7 recombinant adenovirus and a specific antibody. The results showed that exogenous expression of BMP7 enhances the ability of Res to reduce the phosphorylation of PTEN, while the immunodepletion of BMP7 with a specific antibody apparently reverses the Res-induced decrease phosphorylation of PTEN in HCT116 cells. Taken together, these data demonstrated that BMP7 may mediate the Res-induced inactivation of PI3K/Akt signaling through decreasing phosphorylation of PTEN in HCT116 cells.
In conclusion, these data demonstrated that Res may be used as an effective chemotherapy drug for human colon cancer. The anticancer activity of Res in colon cancer may be mediated by inactivating the PI3K/Akt signaling, which may be the result of the Res-induced upregulation of BMP7 to suppress the phosphorylation of PTEN.
